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We have calculated cross sections for the production of lepton pairs by a neutrino incident on a
nucleus using both the equivalent photon approximation, and deep inelastic formalism. We find that
production of mixed flavour lepton pairs can have production cross sections as high as 35 times those
of the traditional νµ → νµµ
+µ− process. Rates are estimated for the SHiP and DUNE intensity
frontier experiments. We find that multiple trident production modes, some of which have never
been observed, represent observable signals over the lifetime of the detectors. Our estimates indicate
that the SHiP collaboration should be able to observe on the order of 300 trident events given 2 ·1020
POT, and that the DUNE collaboration can expect approximately 250 trident events in their near
detector given 3 · 1022 POT. We also discuss possible applications of the neutrino trident data to be
collected at SHiP and DUNE for SM and BSM physics.
PACS numbers: 12.15.Ji, 13.15.+g, 13.60.Hb, 14.60.-z
I. INTRODUCTION
Neutrino physics has traditionally been dominated by
the measurement of oscillation parameters and the study
of neutrino nucleus scattering. These experimental sig-
nals are largely dominated by charged current (CC), and
neutral current (NC) interactions whose cross sections
scale as σ ∼ sG2F . Traditionally, limits on beam lu-
minosity have resulted in event counts that leave sub-
dominant processes with expected event rates less than
unity in the lifetime of an experiment. As a result these
processes are often omitted in the discussions of neu-
trino physics. One such neglected process is neutrino
trident production which has been previously observed
at CHARM II, CCFR, and NuTev [11, 15, 16]. These
measurements provided evidence at the 3σ level for the
contribution of Z bosons in weak interactions [15], and
more recently have been used to constrain BSM physics.
Specifically, measurements from CCFR currently provide
the best constraints on the mass and coupling of a heavy
Z ′ force-mediator charged under Lµ − Lτ [2]. Both of
these applications are successful because the neutrino tri-
dent production of leptons is sensitive to both the vector
and axial current couplings (see Section IIA).
The aforementioned collaborations only measured one
possible mode of trident production; specifically νA →
νµ+µ−A. The leading order contribution to this pro-
cess involves the production of a muon-anti-muon pair,
which can then interact with the target nucleus A elec-
tromagnetically (see Fig. 1). For low momentum trans-
fers (Q≪ R−1A ) the nucleus interacts coherently with the
virtual photons (σ ∝ Z2), and there is a strong enhance-
ment due to the infrared divergence in the photon prop-
agator; it is this kinematic regime which dominates the
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cross section. Other qualitatively similar processes, such
as e+e− or µ+e− trident production, were kinematically
accessible, however, due to technological limitations in
the detector design, the required vertex resolution for tri-
dent identification was not achievable for electrons. This
would not be an issue with modern detectors.
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FIG. 1: Leading hadronic contribution to trident
production. Arrows denote direction of momentum.
The cross section for µ+µ− neutrino trident produc-
tion is approximately five orders of magnitude smaller
than the charged current cross section (σ ≈ 10−5σCC)
for a 50 GeV neutrino scattering off an iron nucleus
[4]; high Z materials will have an even larger cross sec-
tion relative to CC scattering. This means that prac-
tically trident production can only be observed in ex-
periments with very large neutrino fluxes. Addition-
ally the leading contribution to the cross section dis-
cussed in the preceding paragraph can be calculated us-
ing the equivalent photon approximation and scales as
σ ∼ G2FEνQmax log(EνQmax/m
2
ℓ), where mℓ is related
to the lepton masses, and Qmax is a characteristic mo-
mentum transfer set by the radius of the nucleus [4].
These considerations imply that for trident to be a use-
ful tool one needs to consider experiments with both a
high energy neutrino beam (〈Eν〉 & 1 GeV), and high
statistics. This can be achieved via beam luminosity, or
2target-mass considerations. Fixed target and beam dump
experiments—where neutrino energies can be in excess of
100 GeV, and charged current event counts can exceed
106—are an ideal setting to study neutrino trident pro-
duction. The Search for Hidden Particles (SHiP) exper-
iment and the Deep Underground Neutrino Experiment
(DUNE) both fall into these categories, and, as we show
in this paper, represent the newest frontier in the study
of trident production.
SHiP’s program of study, as it relates to neutrino
physics, is largely focused on tau neutrino, and anti-tau
neutrino events, and is therefore optimized to observe
tau leptons [19]. This represents a qualitatively new op-
portunity in the study of trident production, because
the high mass of the tau leptons results in a threshold
effect, wherein coherent production of a single tau lep-
ton is not possible unless the following inequality holds
Eν > (1/2)m
2
τRA; the bound for tau lepton pair produc-
tion is given by Eν > 2m
2
τRA. As a result we also in-
vestigate the incoherent contribution to the cross section
using both a diffractive and deep-inelastic approach. The
experiment will use beams with 〈Eν〉 ≈ 30 GeV−60 GeV,
and expects a lifetime collection of charged current events
on the order of NCC ≈ 2.7 · 106 [19]. It is therefore rea-
sonable to assume that mixed flavour trident production,
possibly including tau leptons, should be observable at
the SHiP experiment.
Although the focus of its program of study is neutrino
oscillations, the Deep Underground Neutrino Experiment
(DUNE) will use sufficiently high luminosities, and neu-
trino energies to induce trident production. DUNE con-
sists of a near detector on site at FERMILAB [1] and a
far detector at Sanford Lab, both composed of liquid ar-
gon. This technology allows for the observation of both
electrons, and muons. The far detector is exposed to a
flux of neutrinos after a 1300 km transit through earth.
The near detector will be used to account for systematic
uncertainties in the neutrino beam and to record the ini-
tial neutrino flux. It is designed to obtain ten times the
statistics of the far detector [1]. The expected charged
current event count in the far detector over the lifetime of
the experiment is on the order of 1 · 105, and so it is rea-
sonable to expect an observable signal of trident events
for some of the processes; especially given the enhanced
statistics of the planned near detector.
Trident production has proven itself a useful tool for
constraining BSM physics by virtue of its sensitivity to
modifications of CA and CV . Additionally it represents
an experimental signal that would provide an obvious
background to searches of lepton flavour violation in the
case of multi-flavour charged-lepton tridents. If these
new experiments (SHiP and DUNE) are to use trident
production to probe BSM physics, then it is imperative
to understand the relevant Standard Model backgrounds.
The rest of this article is organized as follows: In Sec-
tion IIA we discuss the basic structure of the trident
amplitude in the Standard Model. In Section II B we de-
scribe how to obtain the cross sections for three distinct
kinematic regimes; each receiving a separate theoretical
treatment. In Section III we calculate expected rates,
and cross sections for both DUNE and SHiP. We also
present differential distributions with respect to the in-
variant mass of the charged lepton pair. In Section IV
we review the qualitative features of our results and out-
line possible applications of trident for both SHiP and
DUNE. Finally in Section V we discuss future directions
for trident production for the upcoming generation of ac-
celerator based neutrino experiments.
II. TRIDENT PRODUCTION IN THE
STANDARD MODEL
A. Leptonic Matrix Element
Our treatment of trident production varies over kine-
matic regimes, characterized by the four-momentum
transfer to the nucleus Q2. In every approach we treat
the leptonic matrix element involving the EM current
consistently. Our treatment of the nucleus’ interaction
with the EM field, however, varies, and so will be treated
separately in each section. In the lower Q2 regimes we
relate the cross section to that of a neutrino-photon col-
lision (photo-trident production), while for large Q2 we
employ the parton model. The amplitudes for photo-
trident production and parton-trident production can be
written
ı˙Mγν = ǫµLµ (EPA)
ı˙Mhν = −η
µν
q2
hνLµ (DIS)
(1)
where ǫµ is an on-shell polarization tensor, and hν is the
hadronic matrix element in the parton model. The lep-
tonic matrix element Lµ is calculated explicitly below.
We study both neutrino, and anti-neutrino induced tri-
dent production, and for the remainder of this section
all reactions will contain an implicit hadronic initial and
final state. We use Latin flavour indices i, j, k ∈ {e, µ, τ}
and consider reactions of the form
{νi → νi or k + ℓ−j + ℓ+k , νi → νi or j + ℓ−j + ℓ+k }
with the constraint that generational lepton number
is conserved. Both mono-flavour, and multi-flavour
charged lepton pairs (i.e. µ+µ− and µ+τ−) are included
in our analysis. Assigning the labels {1, 2, 3, 4, 5} →
{ν, γ, ν′, ℓ+, ℓ−} with ν′ the outgoing neutrino (see Fig. 2)
and generalizing the analysis of [2, 21] to multi-flavour
lepton pairs we find
Lµijk = −
ı˙eGF√
2
{
u3γ
α(1− γ5)u1 , v1γα(1− γ5)v3
}×
u5
[
γα
(
Vijk −Aijkγ5
) 1
/q − /p4 −m4
γµ
+γµ
1
/p5 − /q −m5
γα
(
Vijk −Aijkγ5
) ]
v(p4),
(2)
3ν Process ν Process Vijk Aijk Mediator
νe → νee
+e− νe → νee
+e− 1
2
+ 2 sin
2 θw
1
2
W,Z
νµ → νµµ
+µ− νµ → νµµ
+µ− 1
2
+ 2 sin
2 θw
1
2
W,Z
νe → νµµ
+e− νe → νµe
+µ− 1 1 W
νµ → νee
+µ− νµ → νeµ
+e− 1 1 W
νe → νeµ
+µ− νe → νeµ
+µ− − 1
2
+ 2 sin
2 θw −
1
2
Z
νµ → νµe
+e− νµ → νµe
+e− − 1
2
+ 2 sin
2 θw −
1
2
Z
νµ → νµτ
+τ− νµ → νµτ
−τ+ − 1
2
+ 2 sin
2 θw −
1
2
Z
νµ → ντµ
−τ+ νµ → ντµ
+τ− 1 1 W
ντ → νµτ
−µ+ ντ → νµτ
+µ− 1 1 W
ντ → ντµ
+µ− ντ → ντµ
−µ+ − 1
2
+ 2 sin
2 θw −
1
2
Z
ντ → ντe
+e− ντ → ντe
−e+ − 1
2
+ 2 sin
2 θw −
1
2
Z
TABLE I: Modified vector and axial coupling constants
for different combinations of incident neutrino flavours
and final states
where the first line contains the appropriate spinor wave-
functions for an incident neutrino and anti-neutrino beam
respectively. Vijk and Aijk are the flavour dependent
vector and axial coupling strengths, which are typically
denoted CV and CA respectively. We use non-standard
notation to stress that these couplings carry flavour in-
dices because some processes are mediated exclusively by
W bosons, others exclusively by Z bosons, and some a
mixture of the two. As we see from Fig. 2, these media-
tors modify the coupling to the vector and axial currents,
as can be verified by use of Fierz identities. As noted in
[4] the interference between the neutral and charged cur-
rent channels in the Standard Model results in a 40%
reduction in the cross section compared to the V − A
theory prediction. Thus by considering different combi-
nations of leptons in the final state the cross section can
be enhanced, or suppressed, significantly. The constants
Aijk and Vijk are presented in Table I for νµ → νµτ+τ−
and for all trident processes with lifetime event counts
greater than 0.01 at either SHiP or DUNE.
B. Coherent, Diffractive and Deep Inelastic
Regimes
We will begin by reviewing conventional scattering of
neutrinos off of nuclei to emphasize the qualitative differ-
ences in trident production. Neutrino-nucleus scattering
is dominated by charged current events, which can be
loosely partitioned into three classes for Eν >∼ 100 MeV:
quasi-elastic scattering, hadronic resonance production,
and deep inelastic scattering [9]. It is only at low cen-
tre of mass energies E <∼ 50MeV that coherent scattering
via the neutral current is possible such that the reaction’s
cross section scales as σ ∼ (A − Z)2E2ν with A − Z the
number of neutrons. In this energy regime coherent scat-
tering cross sections can be as much as three orders of
magnitude larger than that predicted by a naïve sum of
the nucleon cross sections [8].
p1
p4
p3
Zµ
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FIG. 2: An example of a process which takes place
exclusively through the neutral current channel. The
mismatch in flavour between the incident neutrino and
outgoing leptons prohibits a charged current interaction.
This limited kinematic window stands in sharp con-
trast to trident production where coherent contributions
are possible at all energies, because the reaction is not
2 → 2 and the phase space is therefore less kinemati-
cally constrained. This scattering is mediated electro-
magnetically, and, in addition to the coherent Z2 ampli-
fication, the photon’s propagator introduces an infrared
divergence that further enhances the amplitude. As is
the case for coherent neutrino scattering this regime is
characterized by small momentum transfers (Q2 ∼ R−2A )
wherein the phases of the various amplitudes are nearly
commensurate, and the amplitudes interfere construc-
tively. Kinematic considerations constrain the momen-
tum transfer via Q > s/(2Eν), with s the invariant mass
of the neutrino-photon pair [4]. When combined with the
lepton pair’s mass threshold, this regulates the infrared
divergence mentioned above. The three regimes typically
considered in charged-current scattering for high energy
neutrinos (mentioned in the first paragraph) also exist
for trident production. Quasi-elastic-like diffractive scat-
tering can contribute significantly to trident production,
especially when threshold effects related to lepton masses
are important. We expect the deep inelastic contribution
to be suppressed, but for many of the neutrino energies
at SHiP it is the only kinematically allowed production
mechanism for tau leptons, and so we also include this
regime in our analysis.
1. Coherent Regime
The coherent contribution to neutrino trident produc-
tion can be accurately calculated using the equivalent
photon approximation (EPA) [2, 4, 13, 20]. In the EPA
the cross section for the full scattering process is decom-
posed into two pieces. First the cross section correspond-
4ing to the scattering of a neutrino and photon creating a
lepton trident, denoted by σγν , is calculated. Next, this
cross section is weighted against a universal probability
distribution P (s,Q2) [2] that measures the likelihood of
the nucleus producing a virtual photon with virtual-mass
Q2, and neutrino-photon centre of mass energy s. The
full cross section is given by
σνA =
∫
ds σγν(s)
∫
dQ2P (s,Q2)
=
Z2α
π
∫ smax
m2
jk
ds
s
σγν(s)
∫ ∞
(s/2Eν)2
dQ2
Q2
F 2(Q2)
(3)
with mjk = mj+mk the sum of the lepton pair’s masses.
A fairly good, albeit crude, approximation is to treat the
form-factor for the nucleus F (Q2) as a Heaviside function
Θ(Q2max − Q2) where the scale Qmax = ΛQCD/A1/3 cor-
responds to characteristic momentum transfer at which
one would expect the dissolution of the nucleus [4]. This
sets a maximum centre-of-mass energy for the photon-
neutrino interaction smax = 2EνQmax. With these ap-
proximations, suppressing flavour indices and working in
the leading log approximation, Eq. (3) simplifies to [2, 4]
σνA ≈ 1
2
(A2 + V 2)
2 Z2α2 G2F
9π3
smax log
(smax
4m2
)
(4)
where 2m = mj+mk. There are additional terms result-
ing from the interference between the vector and axial
currents, but these are suppressed by two powers of the
lepton mass, and are therefore small. A more realistic
implementation is to use the Woods-Saxon form-factor,
which is what we used in all of our calculations (this
changes the answer by order 10%, see Appendix A for
details). We can write the coherent contribution to the
neutrino-nucleus cross section as
dσγν =
1
2s
1
2
∑
pol
|ǫµLµ|2 dΦ3 (5)
where Φ3 is the three-body phase space of final states,
the factor of 1/2 averages over photon polarizations, and
2s is the Lorentz invariant flux factor. For details on the
treatment of the three-body phase space see Appendix A.
2. Diffractive Regime
At intermediate Q2 it is possible to interact with the
individual protons of the nucleus, both without coher-
ent interference of their individual amplitudes, and with-
out probing their inner parton structure. Our treatment
of this regime follows the approach outlined in [6], and
is identical to the coherent regime with the following
changes:
σνA = Z
∫
ds σγν(s)
∫
dQ2P (s,Q2)
= Z
α
π
∫ smax
m2jk
ds
s
σγν(s)
∫ 1 GeV2
Q2
min
dQ2
Q2
F 2dip(Q
2).
(6)
The charge of the nucleus now appears as an overall mul-
tiplicative factor as opposed to appearing in P (s,Q2),
we cut off our integral at Qmin = max
(
s/2Eν, R
−1
A
)
to
avoid double counting amplitudes included in the coher-
ent calculation, and we use the standard dipole fit to the
proton’s electromagnetic form factor (see Appendix A).
We introduce an explicit UV cut-off for the Q2 integra-
tion to avoid double counting with the DIS amplitudes.
This was not necessary for the coherent regime due to
the exponential, as opposed to power law, decay of the
Wood-Saxon form factor at high Q2.
3. Deep Inelastic Regime
Our treatment of the deep inelastic case is fairly stan-
dard, with a few exceptions that are highlighted in Ap-
pendix B 2. We treat this regime by convoluting the
parton cross sections with nucleon parton distribution
functions (PDFs) f(ξ,Q) [14], taking into account the
u, d, c, s quarks. The phase space integrals are sensitive
to the lepton masses, and so although their effects on the
matrix element are often sub-leading, we include their
full dependence throughout our calculations. All of the
quarks are treated as massless in our analysis.
We take care to include a cut on momentum transfers
so as not to double count contributions already accounted
for by the EPA. Additionally we place a cut on the mo-
mentum fraction ξ to ensure the parton carries enough
four-momentum to both be able to produce the appro-
priate pair of charged leptons and to satisfy the double-
counting-cut on momentum transfer. The resulting cross
sections for the various nucleons are then summed to ob-
tain the scattering cross section with the nucleus. We
can write σνA as a weighted sum of the cross sections
with the constituent nucleons
σνA = Zσνp + (A− Z)σνn. (7)
These can in turn be written in terms of the parton-level
cross sections σhν via
σνH =
∑
h
∫ 1
ξmin
dξ
∫ Qmax
Qmin
dQ
dσhν
dQ
(ξ,Q) f
(H)
h (ξ,Q)
(8)
where f
(H)
h (ξ,Q) is the PDF for parton h in the nucleon
H ∈ {n, p}. More details can be found in Appendix B.
III. PROSPECTS AT FUTURE EXPERIMENTS
In the following, we calculate trident rates at SHiP,
and at the DUNE far and near detectors. We
calculate the rates for momentum transfers Q <
0.217/(A)
1
3 GeV ≈ R−1A regime using the coherent
EPA method. For intermediate momentum transfers
0.217/(A)
1
3 GeV <∼ Q <∼Mp transfers, we use the diffrac-
tive EPA treatment. Finally for Q >∼ 1 GeV ≈ Mp we
5employ the deep inelastic formalism. We use PDFs from
the MSTW collaboration (2008 NNLO best fit) [14]. To
calculate the rates, we estimate the number of SM neu-
trino trident events for each flavour of incident neutrino
νi producing a lepton pair composed of j
− and k+ with
i, j, k ∈ {e, µ, τ}. We estimate the luminosity in terms of
charged current events N iCC using
N ijkTrident =
∑
E
N iCC(E)
σCC(E,A)
σijkνA (E,Z,A)× ǫj− × ǫk+, (9)
where σCC is the neutrino charged current cross sections
[17] and i, j, k are flavours denoting the incident neutrino,
outgoing ℓ− and outgoing ℓ+ respectively. Additionally
ǫ+ and ǫ− are the identification efficiencies for ℓ
+ and
ℓ− respectively. We do an analogous procedure for anti-
neutrinos.
There will be a background contribution to trident
from resonant production of charged pions and charm
production from D mesons, whose leptonic modes are
both dominated by muon flavoured final states. In the
different flavour opposite sign di-lepton final states, back-
grounds can arise from ν¯µ CC scattering in combination
with an elastic NC event releasing an electron, and also
by muon final states in which one of the muons fake
an electron. As coherent-scattering is quasi-elastic, the
backgrounds for the dominant contribution to the cross
section (see Section II B) can be greatly reduced by im-
posing hadronic vetoes in the analysis. Further back-
ground suppression can be achieved by selecting oppo-
sitely charged leptons that fall within the vertex resolu-
tion of the detectors and selecting events with lowMℓ+ℓ−
invariant masses. We leave the background estimates
to the collaborations’ detailed and sophisticated simu-
lations. Our signal results are shown in Tables II to IV.
A. Calibrations and Tests
The details of our calculations can be found in the
Appendices. We calibrated our EPA cross section calcu-
lations with previous theoretical and experimental work
[2, 10, 11], and reproduced the analytic results of [2].
Our DIS work was calibrated with MadGraph5 [3]
for trident induced muon pair production. MadGraph5
treats light leptons as massless, and due to infrared sin-
gularities in the propagators this necessitates a careful
treatment; it also introduces questions of reliability. We
imposed the following cuts to replicate the effects of fi-
nite muon masses: pT > mµ for the muons, pT > 1.5GeV
for the jets, and ∆R =
√
∆η2 +∆φ2 > 0.4 for the lep-
ton pairs. With these cuts we found our calculations to
agree with MadGraph5 to within a factor of 0.5 − 2.5
for Eν = {20 GeV, 200 GeV, 1000 GeV}. We believe our
calculation to be more reliable than MadGraph5 in the
low Q2 regions of phase space which dominate the cross
sections due to infrared divergences, which we treat care-
fully.
Neutrino Beam Anti-Neutrino Beam
Process Coh Diff Process Coh Diff
νµ → νee
+µ− 85.46 24.6 ν¯µ → ν¯ee
−µ+ 29.96 9.61
νµ → νµe
+e− 28.28 5.32 ν¯µ → ν¯µe
+e− 22.48 3.58
νe → νee
+e− 21.69 2.95 ν¯e → ν¯ee
+e− 15.65 2.45
νe → νµµ
+e− 9.1 2.31 ν¯e → ν¯µµ
−e+ 14.31 3.16
νµ → νµµ
+µ− 4.79 3.01 ν¯µ → ν¯µµ
+µ− 3.76 2.38
νe → νeµ
+µ− 0.42 0.16 ν¯e → ν¯eµ
+µ− 0.3 0.12
ντ → ντe
+e− 0.13 0.03 ν¯τ → ν¯τe
+e− 0.13 0.02
ντ → ντµ
+µ− 0.01 0. ν¯τ → ν¯τµ
+µ− 0.01 0.
ντ → τ
−µ+νµ 0. 0.01 ν¯τ → τ
+µ−ν¯µ 0. 0.
νµ → µ
−τ+ντ 0. 0.23 ν¯µ → µ
+τ−ν¯τ 0. 0.39
Total 149.88 38.62 86.6 21.71
TABLE II: Number of expected trident events for
coherent (Coh) and diffractive (Diff) scattering, using
the EPA, in the SHiP ντ detector, assuming 2× 1020
POT on molybdenum.
B. Rates for SHiP
SHiP will be a lead based neutrino detector [5, 19].
It will utilize an emulsion cloud chamber for its electron
detection and a muon magnetic spectrometer for muons.
It is estimated to have a 90% e and µ identification ef-
ficiency, and a micron vertex resolution. Under nominal
operating conditions, after 5 years of operation it will
have collected data from 2× 1020 POT using a 400 GeV
SPS proton beam. We quote all the rates assuming this
normalization.
The energy spectrum at SHiP is very broad, and
reaches sufficiently high energies such that trident pro-
duction of tau leptons becomes kinematically allowed
in the coherent, diffractive, and deep inelastic regimes.
The latter is allowed at almost all incident neutrino en-
ergies available at SHiP with the only requirement be-
ing the centre of mass energy exceed the lepton pair’s
mass-gap. Despite being kinematically allowed, we find
the large momentum transfer in the deep inelastic regime
renders the contribution to the cross section negligible.
The diffractive and coherent regimes rely on the high en-
ergy tail of the quoted beam distribution [19]. For elec-
trons and muons, coherent, and diffractive production
are not only possible but extremely viable, while for tau
leptons we find only diffractive production to be viable,
but only marginally so. In Fig. 3 and Fig. 7, we show the
cross section per nucleon as a function of the incoming
neutrino energy for a variety of processes. The coherent
cross sections computed via the EPA are normalized by
Z2 while the deep inelastic contribution is normalized by
A. There are small differences in these plots for vari-
ous materials, as the EPA Woods-Saxon form factor and
6the relative number of protons to neutrons in DIS both
introduce a sub-leading dependence on the ratio of pro-
tons to neutrons that is not removed by the per nucleon
normalization.
FIG. 3: σ/Eν trident cross sections normalized by Z
2
for various SM flavours as a function of the incoming
neutrino energy on a lead target (SHiP).
In Table II we show the expected number of events
in the various production modes for both low-Q2 events
calculated within the coherent EPA and intermediate-Q2
events calculated using the diffractive EPA. DIS rates are
not included, because the cumulative lifetime event-count
for all production modes in the deep inelastic regime is
N
(tot)
DIS ≈ 0.1.
The basic features of our analysis can be understood
by looking at Table I and Eq. (4) and remembering that
the neutrino beam is dominated by νµ and νµ. This is
discussed in greater detail in Section IV.
C. Rates for DUNE
DUNE [1] is composed of a near detector that primarily
sees a flux of muon neutrinos and a far detector used to
study the appearance of electron neutrinos as a result of
oscillations from the muon neutrino beam. That said,
there will be a mixture of both neutrino flavours at each
site relevant for trident. Both near and far detectors are
based on argon time projection chambers, which allow for
the differentiation of electrons and photons. We take the
electron and muon identification efficiencies to be 90%.
In Table III and Table IV, we show the expected num-
ber of events for the near and far detectors respectively.
The rates in both tables are calculated assuming an
850kt-MW-yr exposure in the far detector. This num-
ber corresponds to the amount of data collected in the
lifetime of DUNE given their optimized design. To con-
vert this measure to protons on target, note that the far
detector weighs 40kt, and a beam power of 1.07MW with
80GeV protons corresponds to 1.47 × 1021 POT/yr [1].
This gives roughly 3× 1022 POT. The full details of the
luminosity calculations are given in Appendix C. As we
Neutrino Beam Anti-Neutrino Beam
Process Coh Diff Process Coh Diff
νµ → νee
+µ− 73.98 53.15 ν¯µ → ν¯ee
−µ+ 25.23 18.7
νµ → νµe
+e− 23.03 9.64 ν¯µ → ν¯µe
+e− 16.45 6.79
νµ → νµµ
+µ− 2.03 5.28 ν¯µ → ν¯µµ
+µ− 2.16 4.3
νe → νee
+e− 0.7 0.29 ν¯e → ν¯ee
+e− 0.54 0.22
νe → νµµ
+e− 0.21 0.17 ν¯e → ν¯µµ
−e+ 0.4 0.27
νe → νeµ
+µ− 0.01 0.01 ν¯e → ν¯eµ
+µ− 0. 0.01
Total 99.96 68.54 44.78 30.29
TABLE III: Number of expected trident events for
coherent (Coh) and diffractive (Diff) scattering, using
the EPA, in the lifetime of the DUNE near detector
assuming ∼ 3× 1022 POT (equivalently, an
850 kt-MW-yr exposure at the far detector).
did for SHiP, we consider both low-Q2 events calculated
within the coherent EPA and intermediate-Q2 events cal-
culated using the diffractive EPA. DIS rates are not in-
cluded as they are negligible. In Fig. 4, we show the
cross section per nucleon as a function of the incoming
neutrino energy for each process listed in Table I, for
coherent EPA. Comparing to Fig. 3 there are small dif-
ferences, which are due to the Woods-Saxon form factor’s
implicit dependence on A (see Eq. (A8) for details).
Neutrino Beam Anti-Neutrino Beam
Process Coh Diff Process Coh Diff
νµ → νee
+µ− 2.12 1.52 ν¯µ → ν¯ee
−µ+ 0.05 0.03
νµ → νµe
+e− 0.66 0.28 ν¯µ → ν¯µe
+e− 0.03 0.01
νe → νee
+e− 0.11 0.05 ν¯e → ν¯ee
+e− 0.05 0.02
νµ → νµµ
+µ− 0.06 0.15 ν¯µ → ν¯µµ
+µ− 0. 0.01
νe → νµµ
+e− 0.03 0.03 ν¯e → ν¯µµ
−e+ 0.03 0.02
Total 2.98 2.03 0.16 0.09
TABLE IV: Number of expected trident events for
coherent (Coh) and diffractive (Diff) scattering, using
the EPA, in the lifetime of the DUNE far detector
assuming ∼ 3× 1022 POT (equivalently, an
850 kt-MW-yr exposure at the far detector).
IV. DISCUSSION AND ANALYSIS
The general features of Section III can be understood
qualitatively by considering Eq. (4) and Table I. First
we note that every cross section is proportional to the
combination |CV |2 + |CA|2 appearing in Eq. (4). In the
7FIG. 4: σ/Eν trident cross sections normalized by Z
2
for various SM flavours as a function of the incoming
neutrino energy on an argon target (DUNE).
SM this is maximal in the case of W mediated interac-
tions, intermediate for W+Z mediated interactions, and
minimal for Z mediated interactions. The W exclusive
channel corresponds to scattering events where the in-
coming and outgoing neutrino belong to different lepton
generations, and thus these channels will be more prob-
able. Another dominant feature controlling the relative
size of cross sections is related to the masses of the out-
going leptons. This dictates the size of the logarithmic
enhancement coming from the low Q2 phase space. This
is a feature of the IR divergence arising from the photon
propagator, which is regulated by the finite masses of the
charged leptons. Finally the rates quoted in Tables II
to IV are further influenced by beam luminosity, and so
tend to favour incident muon configurations, except at
the DUNE far detector, where they favour incident elec-
tron neutrinos.
These qualitative features suggest that νµ → νeµ−e+
would serve as the dominant production mode at both
the DUNE near detector and SHiP. Examining Tables II
and III, this is indeed the case. It is a CC-exclusive
process (high axial-vector couplings), it benefits from
the large flux of muon neutrinos, and from the loga-
rithmic enhancement afforded by the low electron mass.
This final statement is most important at DUNE due,
to its lower 〈Eν〉, which makes it sensitive to muon-mass
threshold effects. For diffractive processes the sensitiv-
ity of the cross section to the charged lepton masses is
weakened due to the lower bound Qmin in Eq. (6). This
accounts for the difference in ordering of rates between
the coherent and diffractive contributions to the cross
section found in Tables II to IV. At DUNE this results
in an enhancement of the cross section by a factor of 35
when compared to the production mode νµ → νµµ+µ−,
which was observed at CHARM-II, CCFR, and NuTeV
[10, 11, 16]. No dedicated search was carried out for elec-
tron production in trident modes at these experiments.
The detector technology typically consisted of interwoven
layers of heavy element materials to induce neutrino in-
teractions, followed by calorimeters to measure the final
lepton states. Electrons create showers and scatter much
more in these layers, as opposed to muons which tend
to follow a straight trajectory until the muon spectrom-
eter. It was thus much more difficult to impose vertex
requirements on electrons, which is an integral part of
the trident analysis. Neutrino detector technology has
greatly evolved since then, and it is now feasible to con-
sider mixed flavour trident channels.
The lifetime expected event count for µ+τ− and µ−τ+
production are both approximately unity. Given the un-
certain run-time and technical specifications of SHiP it
is possible that tridents containing tau leptons will oc-
cur, however the rates are sufficiently low that it is not
clear at what level of statistical significance these can be
observed, especially after applying necessary cuts. Our
analysis suggest that these events are most likely to occur
for intermediate momentum transfers (i.e. in the diffrac-
tive regime). Our deep inelastic analysis revealed high-
Q2 trident production to be extremely suppressed for all
flavours, including tau leptons. ντ induced electon-muon
pairs may be observable, however, due to the much higher
flux of νµ’s this channel will be dominated by νµ induced
events with identical charged lepton final states, which
will leave an indistinguishable signature in the detector.
In the case of the DUNE collaboration, the size of
the near detector is currently being planned such that
it can obtain approximately ten times the statistics of
the far detector; allowing for a reduction in the system-
atic uncertainties of the neutrino beam. Our results show
that even for near detector masses that minimally satisfy
this requirement trident production should be detectable.
Given the large beam intensity at the near detector, every
additional unit of detector mass represents a fantastic re-
turn on investment from the perspective of rare neutrino
processes such as trident production. Pushing from hun-
dreds to thousands of events would lower statistical error
to the level of a few percent, and could potentially allow
for trident production to act as a complimentary beam
characterization tool. This is alluring because trident
production is only sensitive to the target nucleus’ elec-
tric form factor, in contrast to CC events where uncer-
tainties in the axial form factor still introduce significant
systematic effects.
While interesting in its own right as a test of the Stan-
dard Model, neutrino trident production can also act as
a significant background in the search for new physics.
This is because of its qualitative similarities to processes
involving lepton flavour violation, which is a signature
of many BSM models. Our estimated rates also suggest
that both SHiP and the DUNE near detector can be used
to constrain BSM physics; comparison with the number
of events identified by the CCFR, and CHARM-II col-
laboration in the di-muon channel alone demonstrates
that both SHiP and DUNE are competitive with these
previous experiments. With access to flavour dependent
final states, however, we believe these experiments can
do much better. For example the Z ′ coupling to Lµ−Lτ
8FIG. 5: Inequivalent contributions to the processes
νµ → νττ+µ− (left) and ντ → νµµ+τ− (right) in the
limit of mµ → 0. Note that the chiral structure of the
weak interaction results in a triplet of left-handed
leptons (LLL) for incident νµ and a right-handed lepton
pair with a left-handed neutrino (LRR) for incident ντ .
The fermions are two component spinors of definite
chirality. Diagramatic conventions are from [7] with
arrows denoting chirality.
considered in [2] influences both νµ → νµµ+µ− and
νµ → νµe+e−. Due to the minimal size of |CV |2 + |CA|2
for e+e− production (due to Z-exclusive mediation) this
process will experience an even greater relative sensitivity
to new physics, albeit in a first-generation lepton chan-
nel.
Although the qualitative features discussed earlier are
sufficient to understand the most prominent aspects of
our analysis, a closer examination of Figs. 3 and 4 re-
veals another feature, which is initially surprising. The
rates for processes which seem to be related by an ex-
change of flavour indices have different cross sections.
This effect is O(1) and independent of energy (see Fig. 3
νµ → νττ+µ− vs ντ → νµµ+τ− for example). This would
seem to suggest a violation of lepton universality, how-
ever a closer examination reveals that the chiral structure
of the outgoing leptons is not equivalent, with the am-
plitudes for production into inequivalent configurations
being proportional to the square of the heaviest lepton
mass. Still this effect is surprising given that it is inde-
pendent of energy, and naïvely one would expect that at
sufficiently high centre of mass energies the effect would
be suppressed by m2ℓ/S with S the Mandelstam vari-
able for the neutrino-nucleus interaction. This is not the
case for trident production because the cross section is
dominated by the low-Q2 region of phase space. To un-
derstand this we turn to the EPA, and more specifically
Eq. (3). We see that the integral over s has an IR cutoff
of m2ij = (mℓ+ + mℓ−)
2, and so in this regime we find
an O(m2ij/s) ∼ O(1) contribution to the cross section,
which will be present even for arbitrarily high Eν .
To understand why the chiral structure of the ampli-
tude has a significant impact on the amplitude we must
consider both the infrared divergence of the photon medi-
ator, and the constraints imposed by conservation of an-
gular momentum. Consider the centre of mass frame for
the photon-neutrino pair. To saturate the lower bound
of the integral over s in Eq. (3) we must produce the
lepton-pair at rest, and have the neutrino red-shift to
an arbitrarily small energy E′ν = ǫ; this also forces the
lepton pair to carry equal an opposite momentum. It
is, however, difficult to understand the implications of
chirality in this frame, because in this frame the lepton
pair is non-relativistic and we cannot freely interchange
helicity and chirality.
To solve this problem we can appeal to Lorentz invari-
ance and perform the same analysis in a boosted frame
in which the lepton-pair is highly relativistic. To do this
boost in the direction of infinitesimal momentum for the
lepton pair. This boost will further red-shift the outgoing
neutrino, but it will not change its direction. We would
like to check if this configuration conserves angular mo-
mentum, and the answer to this question is dependent
on the initial polarization of the incident photon (the
neutrino’s polarization is fixed because of its definite chi-
rality), which in turn determines the initial angular mo-
mentum. The two possibilities are S = 1/2 and S = 3/2.
As shown in Fig. 5 the outgoing states for the two con-
figurations have different chirality (LLL vs LRR). In the
case of S = 1/2 this has no effect on the configuration
discussions above, however in the case of S = 3/2, where
the spin of the neutrino and photon are aligned, the LLL
configuration is forbidden, while the LRR configuration is
allowed. This is because in our boosted frame, where chi-
rality is equivalent to helicity, in order to obtain S = 3/2
for the LLL configuration all three particles would have
to travel in the same direction, which would violate con-
servation of momentum. Thus only the LRR, and not the
LLL, configuration satisfies all the necessary conservation
laws in the low-Q2 region of phase space that dominates
Eq. (3).
V. CONCLUSIONS & OUTLOOK
We have demonstrated that as of yet unobserved
neutrino trident processes are within reach with the
planned DUNE and SHiP experimental collaborations.
The DUNE collaboration may be able to enhance pro-
duction modes, some of which we currently estimate to
only yield 1− 10 events in the experiment’s lifetime (e.g.
νµ → νµµ+µ−), by increasing the mass of the relatively
small near detector. Even with the current proposed de-
signs both collaborations are maximally sensitive to the
mode νµ → νeµ−e+ and νµ → νeµ+e−. We believe
that backgrounds for these searches will be low, especially
given the vertex resolution of both experiments [1, 19].
In addition to our direct application to the DUNE and
SHiP collaboration we also present σ(Eν) for the coherent
scattering regime, allowing for future analyses with more
precise luminosity estimates. We present a similar plot in
Fig. 7 in case high momentum-transfer trident is of future
interest. We have considered all possible combinations of
lepton flavour final states, and have presented only pro-
cesses with non-zero lifetime event counts. This work is
complementary to that found in [13], where differential
distributions with respect to the lepton pair’s invariant
9mass are plotted in the coherent regime. Additionally we
have demonstrated a method for treating neutrino tri-
dent production on the parton level, which requires some
slight modifications to the standard treatment. This re-
vealed high-Q2 trident production is untenable as one
would naïvey expect.
Neutrino trident production is a proven tool in the test-
ing of the SM and constraining BSM physics, and with
improved detector designs it is important to harness the
full capabilities of next generation neutrino experiments.
Our analysis suggests that both SHiP and DUNE will
be able to observe trident production. We believe with
these experiments on the horizon the future is bright for
studying trident production and other rare neutrino pro-
cesses, and that the study of these processes should be
incorporated into the physics programs of both experi-
ments.
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Appendix A: 3-Body Phase Space (EPA)
For the purposes of the EPA, the phase space integrals
are performed over the 3-body phase space of the lep-
tons. Ultimately this 3-body phase space is embedded
in the full 4-body one, and so we will use the results of
this section in the proceeding one. We denote the cen-
tre of mass energy for the photon-neutrino collision by s,
additionally we define the quantities P = p+ + p− and
ℓ = P 2. We begin by decl omposing the 3-body phase
space using the identity below.
dΦ3(p+, p−, k2) =
dℓ
2π
Φ2(k2, P )Φ2(p+, p−). (A1)
Each two-body phase space can be expressed as
dΦ2(q1, q2) = β(q1, q2)
dΩ
32π2
(A2)
with the definition
β(q1, q2) =
√
1− 2 (q
2
1 + q
2
2)
(q1 + q2)2
+
(q21 − q22)2
(q1 + q2)4
(A3)
An important case is when q21 = 0. In this scenario the
factor simplifies to β = 1 − q22(q1+q2)2 . In our decompo-
sition above β(k2, P ) = 1 − ℓ/s. First we choose to
evaluate dΦ2(P, k2) in the centre of mass frame of the
reaction. This allows us to parameterize the phase-space
as written in Eq. (A2). We can perform the azimuthal
integration by appealing to symmetry, and we are left
only with d cos θCM . This can conveniently be expressed
in terms of the Lorentz-invariant t defined via
t = 2qµ(k1 − k2)µ = 1
2
(s+ ℓ+ (ℓ− s) cos θCM ). (A4)
This definition leads to the differential relationship dt =
1
2 (ℓ − s)d cos θ. Thus we can simplify our 3-body phase
space integral by applying the identity β(k2, P )d cos θ =
− 2sdt. This leaves us with the second phase space inte-
gral. This is most easily evaluated in the frame where Pµ
has vanishing three-momentum. In this frame there is no
guarantee of azimuthal symmetry in the matrix element,
and so we must integrate over both polar angles. We are
left with the expression quoted in [2]
dΦ3(k2, p+, p−) =
1
2
1
(4π)2
dℓ
2π
β(p+, p−)
dt
2s
dΩ
4π
(A5)
where we denote the angular integral over the muon-pair,
performed in the frame where P = (
√
ℓ, 0, 0, 0) by dΩ.
The limits of integration for t are given by ℓ < t < s.
This gives the expression for the photon-neutrino cross
section as
σγν =
1
2s
1
2
1
(4π)2
∫ s
m2jk
dℓ
2π
β±(ℓ)
∫ s
ℓ
dt
2s
∫
dΩ
4π
∣∣M∣∣2
γν
(A6)
where mjk = mj +mk, and
∣∣M∣∣2 = 1/2∑
pol
|M|2.
To obtain the full cross section this must be weighted
against the probability for creating a photon in the
Coulomb field of a nucleus, given in [2, 4]. This leads
to
σNν =
Z2α
π
∫ S
m2jk
ds
s
σγν(s)
∫ ∞
(s/2Eν)2
dQ2
Q2
F 2(Q2) (A7)
where
√
S denotes the neutrino-nucleus centre of mass
energy. In practice, the form factor of the nucleus F (Q2)
cuts this integral off near smax ≈ 2EνΛQCD/A1/3. In our
calculations for the coherent regime (Section II B 1) we
used the Woods-Saxon form factor
FWS(Q
2) =
1
N
F

 V01 + exp( r−r0A1/3a )

 (A8)
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with F denoting the Fourier transform with respect to
r, and N is a normalization factor given by the volume
integral over the nuclear charge distribution[12]. The var-
ious parameters are set as r0 ≈ 1.126 fm, a ≈ 0.523 fm,
and V0 = (4πAr
3
0/3)
−1. Different choices of form factor
modify the result on the 10% level.
For the diffractive regime we used the electric dipole
fit for the proton’s Dirac form factor found in [6, 9, 18].
Due to the quasi-elastic nature of the scattering the Pauli
form factor’s contribution is suppressed. The explicit ex-
pression is given by
Fdip(Q
2) =
Gdip(Q
2) + τ ξGdip(Q
2)
1 + τ
(A9)
where τ = Q2/4M2 with M = (mp + mn)/2 and ξ =
(µp − µn)/µN ≈ 4.7 the difference in magnetic moments
between the proton and the neutron measured in units
of the nuclear magneton. The dipole fit is given by
Gdip(Q
2) =
(
1 +
Q2
0.71 GeV2
)−2
. (A10)
Appendix B: 4-Body Phase Space (DIS)
1. Parton-Neutrino Collision
We now consider the decomposition of the 4-body
phase space. This will involve a reduction to the previ-
ously analyzed 3-body case, however there will be some
difference thereafter because of the loss of azimuthal sym-
metry in Φ2(P, k2).
We begin by emphasizing a change in notation. The
centre of mass energy for the parton-neutrino collision is
denoted S, we introduce the four-vector R = k2+p++p−
and its invariant mass L = R2, and we maintain the pre-
vious definition of P = p−+ p+. We can now decompose
the 4-body phase space as shown schematically in Fig. 6
and more precisely below:
dΦ4(p+, p−, h2, k2)
=
dL
2π
dΦ2(R, h2)dΦ3(p+, p−, k2)
=
dℓ
2π
dL
2π
dΦ2(R, h2)Φ2(k2, P )Φ2(p+, p−).
(B1)
The first two-body phase space Φ2(h2, R) inherits the
azimuthal symmetry of the parton-neutrino collision, and
in direct analogy with Eq. (A4) we introduce the variable
T defined via
T = 2hµ1 (k1 − h2)µ =
1
2
[S + L+ (L − S) cos θh] . (B2)
The final pair of two-body phase spaces do not inherit
the azimuthal symmetry, and so we do not attempt to
further simplify them. We therefore evaluate dΦ2(k2, P )
and dΦ2(p+, p−) in their respective rest frames. The an-
gles of the charged lepton frame are labelled θ and φ
while those of Φ2(k2, P ) are labelled θ
′ and φ′. With
these variables the four-body phase space can be written
dΦ4 =
dL
2π
4π
32π2
dT
S
dℓ
2π
β(k2, P )β(p+, p−)
dΩ′
32π2
dΩ
32π2
.
(B3)
Keeping in mind that the Lorentz invariant flux factor
F for massless initial states is given by F = 2S we can
express the parton cross section as
σhν(S) =
1
2S
∫ S
m2jk
dL
2π
∫ S
L
2π
32π2
2 dT
S
∫ L
m2jk
dℓ
2π
β(k2, P )β(p+, p−)
∫
dΩ
32π2
∫
dΩ′
32π2
∣∣M∣∣2
hν
. (B4)
2. Hadron Neutrino Cross Section
We now connect our partonic cross section to the
hadronic cross section via the formalism of deep inelastic
scattering. We introduce the new variable SH defined
by ξSH = S and is given by SH = 2EνMN in the lab
frame. Unlike in textbook treatments of deep inelastic
scattering, we cannot integrate ξ over the full interval
[0, 1] because we require a minimum amount of energy
to produce the pair of charged leptons (i.e. ξ ≈ 0 is
kinematically forbidden). Additionally we would like to
ensure that we do not double count amplitudes already
included in the EPA and so we include a cut on the min-
imum amount of four-momenta transfer to the nucleus
Q > Qmin.
To impose this cut it is easiest to change from the
variable T to the variable U = Q2 = |q2|. If we place
a cut on the momentum transfer U > Q2min then this
changes the bounds of integration in Eq. (B4). We chose
Qmin = 1GeV to ensure we are not double-counting am-
plitudes. However with this scheme we include a para-
metric regime in which hadronic resonances can be very
important. Although the description in terms of par-
tons may capture some of the essential features of hadron
production it is probable that the DIS formalism under-
estimates the rates, because it does not incorporate res-
onance conditions.
The effects of a cut on momentum transfer can be seen
by noting that U = S−T , and that the bounds of integra-
tion require S > T > L. The smallest L, and by proxy T ,
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FIG. 6: Schematic depiction of the four-body phase
space decomposition into three two-body phase spaces.
Note the three-body phase space decomposition for the
EPA is obtained by considering only the final two phase
spaces in the diagram.
can be is m2jk, which implies that U = S−T < S−m2jk.
Combining this with the condition that U > Qmin leads
to S −m2jk > Q2min. Finally this can be converted into a
minimum bound on ξ given by
ξ ≥ Q
2
min +m
2
jk
SH
. (B5)
Finally we note that depending on the magnitude and
direction of the individual leptons Q2 could range from
being very small, to S−m2jk and so we must include the
parton distribution functions inside the integral over U .
This leads to our final expression for the nucleon-neutrino
cross section
σHν =
∑
h
∫ 1
ξmin
dξ
2ξSH
∫ Lmax
m2jk
dL
2π
∫ ξSH−L
Q2
min
1
8π
dU
ξSH
∫ L
m2jk
dℓ
2π
∫
dΩ
32π2
dΩ′
32π2
∣∣M∣∣2
hν
β(k2, P )β(p+, p−) f
(H)
h (ξ, U) (B6)
where h runs over all the partons in the given nu-
cleon H ∈ {n, p} (either neutrons or protons), Lmax =
ξSH − Q2min, ξmin saturates the bound in Eq. (B5) and
f
(H)
h (ξ,Q) is the parton distribution function for the par-
ton h in H . To obtain the neutrino-nucleus cross section
a simple weighted sum of individual nucleon cross sec-
tions was used
σAν = Zσpν + (A − Z)σnν . (B7)
Appendix C: Luminosity Estimates
1. SHiP
For the purposes of calculating expected rates at SHiP
we relied on Ref. [19]; specifically Figure 5.25 and Table
2.3. These quote the number of expected charged current
events in the detector. To convert this into a neutrino lu-
minosity we simply divided by the charged current cross
section which we took to be given by
σCC = A
(
Eν
GeV
)
6.75 · 10
−39 cm−2 (ν)
3.38 · 10−39 cm−2 (ν)
(C1)
with the braced numbers referring to incident neutrinos
and anti-neutrinos respectively. To determine the exper-
iment’s lifetime integrated luminosity, we used the num-
ber of CC events from Table 2.3 of [19], while the energy
spectrum was taken from Figure 5.25. Finally we mul-
tiplied by the detector’s efficiency (which we took to be
90% for each of the final state leptons), leading to Eq. (9).
2. DUNE
The DUNE collaboration’s far and near detectors are
treated separately in their proposals, with a heavier em-
phasis on the far detector. As a result there is no pub-
lished neutrino spectrum for the near detector, however
both detectors have lifetime expected event counts. We
therefore had to infer the near detector spectrum from
that of the far detector, and then normalize our results
to reproduce the lifetime rates quoted in Table 6.1 of [1].
To link the beam luminosity in the far detector to those
in the near detector we also adjusted the various flavours’
luminosity to account for oscillation effects. All νe ap-
pearances at the far detector were assumed to stem from
νµ at the near detector, while νe + νe background in the
far detector was assumed to represent the full flux of first
generation neutrinos at the near detector up to geometric
losses due to beam spread.
Additionally the CC rates in the DUNE proposal at
the near detector are quoted per 1020 protons on target
(POT) and one tonne of detector mass. The far detector
rates are quoted assuming 150 kt-MW-yr. This number
assumes a 40 kt far detector, and that 1.2 MW of beam
power corresponds to 1.1 × 1021 POT/yr. We therefore
multiply the event counts in Table 6.1 in [1] by
1.1× 1021POT/yr
1.2MW
× 850kt-MW-yr× 0.1 tonnes
40kt
(C2)
where 850 kt-MW-yr is the exposure at the far detector
in the lifetime of DUNE given the optimized design and
0.1 tonnes is the mass of the near detector.
Next we consider the details of the far detector. For
this we use Figures 3.5, 3.29 and Table 3.5. Table 3.5
and Figure 3.5 are in correspondence with one another,
and quote their results for an exposure of 150 kt-MW-yr.
They specify different rates for the running of the exper-
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iment in neutrino and anti-neutrino mode; we presume
each mode constitutes half of the experiment’s lifetime.
We therefore adjust the rates quoted in Table 3.5 and
Figure 3.5 of [1] by a factor of
850 kt-MW-yr
150 kt-MW-yr
× 1
2
(C3)
to obtain the lifetime event rate for the far detector. The
spectrum is given in Figure 3.29 and here is quoted in
units of CC-Events/GeV/kT/yr. The experiment is set
to obtain an exposure of 300 kt-MW-yr at 1.07 MW and
then 550 kt-MW-yr at 2.14MW. Additionally the energy
bin-width of the plot is 0.25 GeV and so we multiply the
spectrum of Figure 3.29 of [1] by a factor of
0.25 GeV
1 bin
(
300 kt-MW-yr
1.07 MW
+
550 kt-MW-yr
2.14MW
)
. (C4)
Finally in Figure 3.29 the individual CC-event rates of
νe and νe are not given, but their sum is given. We as-
sumed the relative ratio of neutrinos to anti-neutrinos
was equal to the appearance rates quoted in Table 3.5
of [1]. Although the background neutrino rates are much
smaller than the oscillation signal, they provide the dom-
inant contribution at the near detector. The production
fractions of K+ and K− kaons, denoted RK± have to be
compared with those of π+ and π−, given as Rπ± .
We therefore assume that at the far detector the rela-
tive components of the νe + νe background are given by
N (bkg)νe =
Rπ+
RK+
N
(osc)
νe
N
(osc)
tot
N
(bkg)
tot (C5a)
N
(bkg)
νe
=
Rπ−
RK−
N
(osc)
νe
N
(osc)
tot
N
(bkg)
tot . (C5b)
We then assume the first-generation component at the
near detector is the progenitor of the full background
signal at the far detector. Equivalently we estimate the
number of electron and anti-electron events at the near
detector to be proportional to NBkg at the far detector
with an overall normalization that is consistent with ge-
ometric losses. To find the geometric loss factor we com-
pared the rates for νµ CC events quoted in Table 6.1 of
[1] with the CC events from the νµ background signal
and νe appearance signal quoted in Table 3.5 and Figure
3.5 of [1]. Our beam spectrum at the far detector was
taken from Figures 3.29 and 3.5 of [1].
Appendix D: Deep Inelastic Scattering Results
FIG. 7: σ/Eν trident DIS cross sections per nucleon for
various SM flavours as a function of the incoming
neutrino energy on a lead target (SHiP).
FIG. 8: Normalized dσ/dl for a variety of DIS processes
at SHiP, where l = (pl+ + pl−)
2. Energies are in GeV.
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